Purpose of Review Our goal was to assess current literature and knowledge on associations between characteristics (mean, variability, extremes) of ambient temperatures and human health. We were motivated by concerns that climate change, which operates on a time frame of decades or longer, may influence not only shorter-term associations between weather and health (daily/weekly) but also have enduring implications for population health. We reviewed papers published between 2010 and 2017 on the health effects of longer-term (3 weeks to years) exposures to ambient temperature. We sought to answer: "What health outcomes have been associated with longer-term exposures?" We included studies on a diverse range of health outcomes, with the exception of vector-borne diseases such as malaria. Longer-term exposures were considered to be exposures to annual and seasonal temperatures and temperature variability. Recent Findings We found 26 papers meeting inclusion criteria, which addressed mortality, morbidity, respiratory disease, obesity, suicide, infectious diseases, and allergies among various age groups. In general, most studies found associations between longer-term temperature metrics and health outcomes. Effects varied by population subgroup. For example, associations with suicide differed by sex and underlying chronic illness modified effects of heat on mortality among the elderly. Summary We found that regional and local temperatures, and changing conditions in weather due to climate change, were associated with a diversity of health outcomes through multiple mechanisms. Future research should focus on evidence for particular mechanistic pathways in order to inform adaptation responses to climate change.
Introduction
The new Intergovernmental Panel on Climate Change (IPCC) report re-affirms the mounting threat of climate change [1] , with strong evidence that CO 2 emissions will lead to warmer temperatures, and to more extreme heat and cold events. The frequency of extreme heat waves is expected to increase in a warmer climate, resulting in greater variance of surface temperatures [2] [3] [4] [5] [6] [7] .
Numerous analyses have shown that cold and hot temperatures, as well as average temperature and temperature extremes, are associated with increased risks for a number of health outcomes [8] [9] [10] . For example, increased mortality has been linked not only to heat wave episodes [11] [12] [13] but also to exposure to cold [11, 13, 14] .
Studies investigating associations between temperature and cardiac risk factors such as blood pressure [15] [16] [17] , markers of inflammation [18, 19] , and cholesterol [20] [21] [22] [23] have shown divergent results, suggesting that mechanisms for heat-related cardiovascular deaths are uncertain. Some studies have hypothesized potential reasons for this variation and have shown evidence of adaptation to usual temperatures [24] [25] [26] [27] [28] [29] .
Moreover, greater susceptibility to morbidity [30] [31] [32] [33] and mortality [8, [24] [25] [26] [34] [35] [36] to extreme heat has been reported by gender and among the elderly; children; lower socioeconomic status (SES) populations [24, 35, [37] [38] [39] ; pregnant women; people with chronic health conditions (e.g., diabetes, mobility, and cognitive constraints); and outdoor workers [40] . Additionally, heat and health associations differ by home characteristics and access to air conditioning [25, 32, 35, 37, 41, 42] .
A summary of evidence relating temperature variability, health outcomes, and adaptation strategies to cold weather found that the populations most vulnerable to variations in cold winter weather are the elderly, rural and, generally, populations living in moderate winter climates [43] .
Other reviews have addressed the epidemiological evidence of the short-term effects of temperature and specific outcomes. Ye and co-authors found a significant shortterm effect of ambient temperature on total and causespecific morbidities [44] . Another review found increased risk of acute myocardial infarction associated with exposure to air pollution and cold temperatures [45] . An article on the health impacts of climate change among older people found that heat, temperature variability, and air pollution were associated with increased mortality risk, especially from cardiovascular and respiratory diseases. Zhang and co-authors reported that the current evidence for adverse effects on birth outcomes was stronger for heat than that for cold [46••] . Another review summarized current evidence on ambient temperature and overall stroke occurrence and found that larger temperature changes were associated with higher stroke rates in the elderly [47] . A systematic review and meta-analysis found elevated risks for the elderly for temperature-associated cerebrovascular, cardiovascular, diabetes, genitourinary, infectious disease, heat-related, and respiratory outcomes [48] . Changes in temperature due to global climate change can also increase the risk of diarrheal diseases [49] . Regarding vulnerability to heat-related mortality, Benmarhnia and coauthors found strongest evidence of heat-related vulnerability for the elderly ages > 65 and > 75 years and low SES groups [50] .
Substantial scientific literature describes health impacts linked with the short-term (0 to 7 days) temperature exposures, with outcomes not limited to heat-and cold-related mortality or morbidity, in all age groups and by SES. These findings related to shorter-term exposures have important implications for understanding the health effects of weather. However, with climate change impacting both temperature and weather extremes and variability over much longer time horizons, understanding how these longer-term exposures may impact health is important.
This article presents a review of published papers on the long-term effects of temperature on health. We focus on annual and seasonal temperatures and temperature variability to characterize the longer-term effects of changing temperature patterns.
Methods
We conducted a literature search in the National Library of Medicine's MEDLINE/PubMed database (https://www.ncbi. nlm.nih.gov/pubmed/). The inclusion criteria were designed to identify original population-based research articles on health impacts of long-term exposure to ambient temperature.
We defined long-term as average exposure periods ranging from 3 to 4 weeks to up to one or more years. Exposure was defined as average temperature, temperature variability, or other heat and cold indices over the selected long-term periods. We included studies from all continents, with no restrictions on the method used, and published in English from 2010 to 2017.
We did not specify the health outcomes except to exclude vector-borne diseases such as malaria and dengue. We also excluded studies which examined temperature as an effect modifier, and the studies which applied climate model projections to estimate future temperature-related mortality.
We used the following key words: annual, yearly, monthly, summer, and long term for temperature and temperature variability together with health, effects, risks, chronic effects, mortality, and admissions.
Results
Using various combinations of the key words, the search yielded a total of 395 articles.
Most of the articles did not involve humans (n = 158), studied vector-borne diseases (n = 18), or examined short-term effects (n = 92). Removing those, together with the ones not in English, reviews, or duplicates, reduced this number to 106. We then reviewed the abstracts in relation to exclusion criteria and reviewed the full texts of the final 26 articles. Table 1 presents all the selected studies. For each study, we extracted information on location, each study's time frame, population description with sample size, exposure type, health outcome, methods, and results.
Among the 26 papers, 11 studies were conducted in the United States (US), 6 were from Asia, 6 from Europe, 1 from South America, 1 from Africa, and one included 12 countries worldwide. Regarding the outcomes, 11 studies examined mortality. Of these, 2 examined fetal death rates, 2 suicide, while the others focused on non-accidental mortality. Three studies focused on obesity; 3 studies examined respiratory diseases including respiratory allergies. The other 9 studies examined specific health endpoint: cancer; basal cell carcinoma; birth weight; visits for heat illness; hand, foot, and mouth disease; metabolic syndrome; DNA methylation; dialysis; and diarrhea.
In terms of time frame, the shortest study included 1 year (data were from the 2011 Behavioral Risk Factor Surveillance In terms of the exposure type, 12 studies examined mean annual temperature (MAT), 1 study used mean summer temperature, 1 used monthly averages, 1 study used 3-week average temperature, 1 used the 20 years average of summer temperature, and 2 studies used yearly (one of these also monthly) mean temperature anomalies defined as the sum of yearly mean temperature minus the mean temperature during the previous 30 years. Among all the studies, 5 examined temperature variability defined as the standard deviation of temperature, 1 study used the standard deviation of yearly temperature, while the others computed the standard deviation of summer and winter months. Two of these studies examined also the average summer and winter temperature. Finally, three studies used annual summaries of heat and cold using a degree-day approach as mean annual degrees above/below minimum mortality temperature. For example, the annual cold degree-days (DD COLD ) were defined as the sum over the year of daily values: DD COLD = Thresh COLD − Temp, where Thresh COLD is the threshold below which cold impacts on mortality are believed to begin (or the minimum mortality temperature (MMT)), and Temp is the mean daily temperature.
In some studies, temperature was not the only exposure examined; other weather parameters or pollutants were considered as well. However, for this review, we report only the results for long-term temperature.
Summary of Findings
Most of the studies found an association between the outcome and temperature. We discuss findings for each outcome category in detail next.
Respiratory Disease
Metintas and co-authors [63] in Turkey examined asthma and wheezing and eczema in schoolchildren using parents' questionnaire responses and found an association between mean annual temperature with the prevalence of asthma and wheezing in both sexes, and with eczema in girls.
Miller and co-authors [64] found that changes in average annual temperature did not influence the prevalence of otitis media or respiratory allergy. The authors conclude that even though global warming continues to affect our environment, childhood otolaryngologic disease prevalence may not be directly influenced.
Another study [65•] used data from the 2007 National Survey of Children's Health and found that children residing in states with a higher quartile mean annual temperature had increased prevalence of HF compared with that in states with the lowest quartile; and that the third-and fourth-quartile mean temperatures were associated with higher HF prevalence in all seasons. The authors also found that hay fever increased with mean total pollen counts, suggesting that climate factors and pollen counts could aggravate HF, resulting in chronic disease. This study provides evidence of the influence of climate on the US prevalence of childhood hay fever.
Obesity
Three studies, one in Spain [60] , one in the US [61] and one in Korea [62•] , examined the association between obesity prevalence and MAT. The studies used very different data, populations, and methods but they all found an association with obesity, waist circumference, or BMI. The study carried out in the US used data from the Behavioral Risk Factor Surveillance System and presented a parabolic relationship between MAT and prevalence of obesity by counties, with higher proportions of obese population for counties with temperatures between 5 and 20°C, consistent with the results from a quantile regression showing lower median BMIs at the extremes of each temperature category.
Other Health Outcomes
In the US, Sharma and co-authors [53•] found a negative correlation between average annual temperature and cancer incidence rate at all anatomical sites. These results suggest that living in a colder county in the US might confer a higher risk of cancer, irrespective of cancer type.
In a study population of white participants from the US Radiologic Technologists' cohort, the authors [52] did not find a significant trend in the association between average lifetime summer ambient temperature and basal cell carcinoma (BCC) risk. However, they found that BCC risk rose slightly as ambient temperature increased, except in the hottest areas. The authors suggest that failure to find a dose-response relationship could be due to limitations in the exposure assessment, and they recommend to explore temperature and skin cancer in other population-based studies.
Hess and co-authors [51] in the US found a significant correlation between annual temperature anomalies and annual population-based rates of acute heat illness visits to emergency departments.
Molina and Saldarriaga [54••] examined birth weight in 86,021 children from the Demographic and Health Survey in the Andean region. The exposure was defined as the standard deviation of temperature for the trimesters before pregnancy and found that an increase of one standard deviation in temperature variability was associated with reduction in birth weight of around 20 g and a 0.7% increased probability that a child was born with low birth weight.
In China, Liao and co-authors [57] examined hand, foot, and mouth disease (HFMD) in the population in Sichuan Province. They found that the annual HFMD incidence was positively associated with the average annual temperature.
Two studies [58, 59•] used data from the Normative Aging Study in the US New England region, which includes older male veterans. Bind and co-authors [58] examined DNA methylation and found that the 3-week average of temperature was associated with methylation on tissue factor (F3), intercellular adhesion molecule 1 (ICAM-1), toll-like receptor 2 (TRL-2), carnitine O-acetyltransferase (CRAT), interferon gamma (IFN-γ), inducible nitric oxide synthase (iNOS), and glucocorticoid receptor, LINE-1, and Alu, genes related to coagulation, inflammation, cortisol, and metabolic pathway. This suggests that DNA methylation in blood cells may reflect biological effects of temperature and relative humidity. Wallwork and co-authors [59] examined metabolic syndrome and its components and found that annual average temperature was associated with higher risk of developing elevated fasting blood glucose. They conclude that men living in neighborhoods with higher temperatures (and PM 2.5 levels) showed increased risk of developing metabolic dysfunctions.
In Ethiopia, high risk periods and seasonal patterns influenced childhood diarrhea (CDD) and increased temperature was associated with increased rate of childhood diarrhea morbidity [56••].
Ogata and Yorioka [55] in Japan found that the average annual temperatures influenced the 1-year survival of new dialysis patients, and they suggest that the survival of dialysis patients may be influenced by environmental factors that cannot be controlled medically after the initiation of dialysis.
Mortality
In a population-based cohort study in Japan, Fakuda and coauthors [77] found a significant positive association between yearly temperature differences and sex ratios of fetal deaths, but a negative association between temperature differences and sex ratios of newborn infants from 1968 to 2012. This suggests that temperature fluctuations in Japan seem to be linked to a lower male:female sex ratio of newborn infants, partly via the mechanism of increased male fetal deaths.
In Uppsala, Sweden, which has a relatively small population and number of yearly deaths, Schumann and co-authors [70] obtained 111 years of data and found associations between higher springtime temperatures and decreased annual mortality, while higher summer temperatures were associated with an increased death toll.
Two studies focused on suicide. In Finland [75] , among 94,356 deaths from suicide over a 258-year period, the authors found a positive correlation between annual temperature variability and suicide rates, with temperature variability explaining more than 60% of the total suicide variance up until the initiation of a national suicide prevention program.
The other study [74] examined suicide rates in Greece in association with MAT, finding that temperature was a determinant of male suicides, and also suicide attempt rates among women, but less so than for males.
Lim and co-authors [69•] studied 32 cities in Taiwan, China, Japan, and Korea and found increasing heat-related mortality in cities with lower gross domestic product (GDP) per capita. They found no association between average summer temperature and heat-related mortality in cities with high GDP.
Three studies [71] [72] [73] examined the chronic effect of temperature variability on survival among individuals aged 65 and older. All three used Medicare data and applied a Cox proportional hazards model. The first one published [71] focused on mortality in elderly with previous congestive heart failure, chronic obstructive pulmonary disease, myocardial infarction, or diabetes-related hospitalizations and found that long-term increases in temperature variability may increase the risk of mortality in different subgroups of susceptible older populations. The other two studies from the same group used US Medicare data in New England [72••] and in Southeastern states [73••] and analyzed in the same model both the average and the variability of summer and winter temperature. Both studies found that summer mean temperature was linked to increased mortality, while during winter, an increase in temperature was associated with reduced mortality. Moreover, increases in temperature standard deviations (SDs) for both summer and winter were associated with increased mortality risk.
Three papers, one in Hong Kong [67•] , one in London [68••] , and one using data from across the world [66] used a time series approach with the unit of analysis being the year instead of day; this method is extensively used when examining short-term effects. The outcome was defined as the annual count of mortality (one paper used age-standardized mortality rates) and the exposures were annual summaries of heat and cold using a degree-day approach, that is, the mean annual degrees above/below minimum mortality temperature. Goggins and co-authors [67] in Hong Kong found that annual frequency of both hot and cold temperatures influenced annual mortality rates, and that a proportion of these deaths occurred in people who would have been expected to live at least several months longer in the absence of these exposures. In London, Rehill and co-authors [68••] found that colder years were associated with increased mortality, but did not find an association with heat, suggesting that most deaths related to cold were among individuals who would not have died in the next 6 months.
The worldwide paper of Armstrong and co-authors [66••] is the largest study estimating the association between annual mortality and annual summaries of heat and cold in 278 locations from 12 countries across the world. The authors found, on average over all countries, a positive association of mortality with mean annual degrees of heat and cold. The authors then replaced the summaries of heat and cold with the exposure defined as the estimated fractions of deaths attributed to heat and cold to understand whether the associations to heat and cold previously found in daily analyses indicate shortterm displacement. Even with the presence of some heterogeneity among the countries, the results suggest that most lives were shortened by at least 1 year. This suggests that the adverse health effects of high and low temperatures are a significant public health concern and not merely short-term displacement of times of death.
Discussion
This review on the longer-term effects of temperature on health outcomes uncovered a diverse range of studies, varying by region, outcome, and study population. While most examined annual temperature, a few examined temperature anomalies or shorter-term (weeks to months) exposures, temperature variability, or annual summaries of heat and cold.
Most studies found that warmer temperatures, both annual and in the summer, were associated with increased adverse health outcomes, not limited to mortality. Temperature variability was also an important health-relevant exposure.
Temperature has seasonal patterns and extremes are very important as determinants of health outcomes, especially the direct effects of hot and cold temperature exposures at the extremes of the distribution in any given area. Annual averages of temperature vary less across time and space, and therefore the use of an annual metric limits statistical power to detect effects and results are not always easily interpretable. Estimation of chronic effects associated with seasonal mean or variability of temperature can be more meaningful.
Short-term studies have found a U-or J-shaped relationship between daily mortality and daily temperature [78] . Studies using mortality and temperature constructs summarized on an annual basis inherently cannot capture this kind of dose response. However, three studies extended the time series analysis approach to annual counts of mortality and defined exposure as annual summaries of heat and cold using a degree-day approach (mean annual degrees above/below minimum mortality temperature) as a way of capturing trends across longer time frames.
Most daily time series studies do not address whether the association between temperature and mortality represents life shortening or short-term displacement of deaths (harvesting). These recent analyses go a step further than the short-term effect studies, as the findings can provide evidence as to whether most of the deaths associated in daily analyses with heat and cold are displaced by 6 months to a year. These three studies have found that the cold-and heat-associated excess deaths reported in daily studies have been displaced by 6 months to 1 year and strengthens the evidence that policies aimed at reducing vulnerability to cold (e.g., home insulation) can be beneficial to health, and specifically life expectancy.
The studies we reviewed addressed a diversity of health outcomes. The majority addressed health outcomes (e.g., mortality, heat illness) that are associated with direct exposure to temperature or weather conditions, typically estimated using outdoor monitors. Several biological mechanisms have been posited and explored for the physiological response to extreme temperatures or temperature variability, as previously reviewed [79] . Other outcomes, such a hay fever, are hypothesized to be influenced by more distal effects of temperature trends, including the presence of pollen and other allergens that may be affected by changes in growing season and other temperature-related phenomena.
Regardless of the mechanism, the patterns of association observed in these and other studies support the importance of longer-term temperatures for human health.
Conclusions
Recent literature shows that a diverse range of outcomes are affected by longer-term exposures to temperature and temperature variability. Study designs employed range from ecological studies evaluating disease prevalence and weather conditions at various geographic scales to time series studies using vital statistics data on morbidity, mortality, and birth outcomes. The mechanisms explaining these associations are diverse and range from direct effects of temperature exposure and temperature variability on the cardiovascular and respiratory systems, to proliferation of infectious agents at different temperature and temperature variabilities, to changes in population behavior (e.g., more time spent indoors) that impact patterns and prevalence, to physiological responses to prevailing climate conditions (obesity).
In light of this diversity of study designs and outcomes, it is difficult to make broad conclusions regarding this literature review. However, results suggest that regional and local temperatures, and changing conditions in weather due to climate change, are associated with multiple health outcomes through a variety of plausible mechanisms. Continued study of this phenomenon with careful elucidation of mechanistic pathways, and evaluation of evidence for particular ones, will be useful for building the evidence base that can inform adaptation to climate change across the globe.
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